Experimental verification of four wave mixing efficiency characteristics in a few mode fibre by MacSuibhne, N. et al.
E(1) Tynda
Abstrac
intra mo
system; 
analytica
Introduc
Recently
maximum
be dedu
matched
over the
and b
experime
apply in
subject t
random 
estimatio
sufficien
multiplex
matching
experime
using is
using co
whereas
presence
quantific
In thi
the loga
in a few
magnitud
through 
between
emission
WDM sig
Experim
Figure 
configura
techniqu
doped f
source, 
rectangu
wavelen
commun
selective
to the te
were am
amplifier
xperime
N. M
ll National In
(2) Aston Ins
t We introdu
de FWM. Th
the second
l model sho
tion 
, it has 
 capacity o
ced by int
 four wave
 signal band
andwidth 
ntally4. Th
 few mod
o a suitable 
mode coupli
n of the ca
tly broadb
ed syste
 is possible
ntally for bo
olated pulse
ntinuous w
 these e
 of the 
ation of their
s paper, we 
rithmic band
 mode fibr
e of intra
a simple e
 blocks o
 (ASE), whi
nals after a 
ental config
1 shows 
tion used 
es. A 30 dB
ibre amplifi
which wa
lar blocks
gth bands
ications sig
 switch (WS
chnique use
plified by a 
. The output
ntal Ve
Charac
ac Suibhne
stitute and D
titute of Pho
ce two tech
e first techn
 isolates th
wing the FW
been confi
f a single m
egrating th
 mixing (F
width1-3 , w
scaling ru
e same c
e and mu
scaling facto
ng5,6 , allowi
pacity limit
and wavel
ms, inter-
8. This has 
th cross ph
s9 and fou
ave signals
xperiments 
inter-mode
 impact rem
experimenta
width depen
e and quan
- and int
xperiment b
f amplified
ch resemble
few dispers
uration 
the simple
for both 
 gain, gain-f
er was use
s shaped 
 to repr
 of hig
nals using 
S) program
d (see below
38dBm gain-
 of the pow
rification
teristics
(1a), A.D.Ellis
epartment o
tonic Techn
* andre
niques to m
ique allows a
e contributio
M signal inc
rmed that 
ode fibre m
e quasi ph
WM) efficie
ith the dista
les confirm
alculations 
lti-mode fib
r to accoun
ng a prelimin
7. However,
ength divis
mode ph
been obser
ase modula
r wave mix
10,11. Howe
confirm 
 phenome
ains elusive.
lly confirm b
dence of FW
tify the rela
er-mode FW
ased on FW
 spontane
 closely spa
ion lengths2.
 experime
measurem
lattened erb
d as an A
into vari
esent spe
hly disper
a wavelen
med accord
). These blo
flattened po
er amplifier w
 of Fou
 in a Fe
(2,*), F.C. Ga
f (a) Electron
Cork, Ireland
ologies, Asto
w.ellis@asto
easure the 
n estimation
n of each 
reases by ~
the 
ay 
ase 
ncy 
nce 
ed 
will 
res, 
t for 
ary 
 for 
ion 
ase 
ved 
tion 
ing 
ver, 
the 
na, 
 
oth 
M 
tive 
M 
M 
ous 
ced 
 
ntal 
ent 
ium 
SE 
ous 
cific 
sed 
gth 
ing 
cks 
wer 
as 
mo
(OS
ens
the
adj
spe
was
of 5
 
Fi
an
The
mo
and
155
app
adj
and
inte
col
of 
mo
one
spe
ena
the
to 
exp
The
not
ban
2(a
sig
gen
to 
ban
intr
log
r Wave 
w Mod
rcia Gunning
ic Engineer
 
n University
n.ac.uk 
efficiency of 
 of the addi
mode. Mea
2dB with inte
nitored usin
A) and the 
ure equal 
 blocks of A
usted, where
ctral power.
 attenuated
0 GHz band
g. 1: Schematic
d positioning s
 high powe
de fibre des
 to have a
0nm12. We 
roximately 
usted to ma
 LP11 mo
rrogator, c
limator and 
approximate
de were sel
 orientation
ctrum was 
bling the ou
 FWM powe
be establish
eriments, a
 first used a
ch at the ce
dwidth of th
)) was vari
nal was mo
erated in th
show the 
dwidth and 
a mode FWM
arithmically
Mixing 
e Fibre 
(1b), S.Sygle
ing (b) Physic
, Birmingha
inter mode 
tional FWM 
surements a
r mode phas
g the optica
WSS was it
power spect
SE. The a
 necessary,
 The centre 
 using the W
width. 
 diagram of exp
tages at the en
omitted for cla
 
r ASE was 
igned to sup
 low differe
estimate tha
1.5 dB usin
ximise mixin
des, The 
onsisting o
phase plate,
ly 5dB. Out
ected using 
 used for L
recorded us
tput power 
r generated
ed. We pe
s per the illu
 broadband
ntre, where
e ASE block
ed using th
nitored by o
e notch This
logarithmic 
the relative
4. The FWM
until it is 
Efficienc
tos(2) 
s, University
m, England, 
FWM with r
penalty for a
re compare
e matching
l spectrum 
eratively ad
ral densitie
mplifier cur
 to maintain 
of the ASE 
SS to leave
erimental set u
ds of few mode
rity). 
launched in
port four L
ntial mode 
t the launch 
g an offse
g between 
output th
f coupling 
 had an exc
puts from e
a phase pl
P11) and th
ing the sam
spectral de
 in the cent
rformed tw
stration in 
 signal with 
 the total p
 (as illustrat
e WSS. T
bserving th
 technique w
scaling wit
 impact of 
 signal will 
sufficiently 
y 
 College 
 
espect to 
ny given 
d to an 
. 
analyzer 
justed to 
s across 
rent was 
constant 
spectrum 
 a notch 
p (lenses 
 fiber are 
to a few 
P modes 
delay at 
loss was 
t launch 
the LP01 
e mode 
lenses, 
ess loss 
ach fibre 
ate (only 
e output 
e OSA, 
nsity and 
ral notch 
o similar 
Figure 2, 
a 50GHz 
ass-band 
ed in Fig 
he FWM 
e signal 
as used 
h signal 
inter and 
increase 
broad to 
allow in
sudden 
continua
measure
noise of 
The 
to as n
ASE, 40
centre. 
bandwid
away fro
Fig. 2: a (t
measure
processe
potentia
sufficiently
illus
measurem
to g
 
This te
identifica
and ide
strengths
FWM o
contribut
notch, a
remote 
decrease
expect t
block we
to allow 
Results 
Typical 
50GHz 
configura
tra-mode p
increase w
tion of the
ment is dire
a WDM syst
second tech
arrowband),
0GHz wide 
A further 
th) was then
m the centra
op) Illustration 
ment illustratin
s for narrow ba
l for phase mat
 high bandwidt
tration of ASE s
ent, with a blo
enerate phase
chnique is 
tion of indiv
ntification o
. For this 
bserved in 
ions, one f
nd one fro
block, whic
 logarithmi
he FWM to 
re appropria
for inter mod
output spec
notch, are 
tions. 
hase matc
ould occu
 logarithmic
ctly related 
em2.  
nique, (hen
 has a nar
with a 50G
block of 
 moved in 
l ASE block
of ASE spectra 
g intra channel
ndwidth (solid 
ched inter mod
hs (dashed blue
pectra used fo
ck of ASE with 
 matched inter 
used to 
idual inter 
f their rela
technique 
the notch 
rom the AS
m the inter
h would b
cally. Howe
be enhance
tely detuned
e phase ma
tra, zoomed
shown in 
For the 
hing where
r, followed 
 growth. T
to the nonlin
ceforth refe
rower block
Hz notch in 
ASE (200G
steps of 50G
.  
used for broadb
four wave mixin
red arrow) and t
e interactions fo
 arrow). b (bott
r narrowband 
a variable detun
mode FWM. 
allow a c
channel effe
tive interac
the intra m
will have 
E close to 
action with 
e expected
ver, we wo
d if the rem
 from the no
tching to occ
 in around 
Fig 3 for b
broadb
 a 
by 
his 
ear 
rred 
 of 
the 
Hz 
Hz 
 
 
and 
g 
he 
r 
om) 
ing 
lear 
cts 
tion 
ode 
two 
the 
the 
 to 
uld 
ote 
tch 
ur.  
the 
oth 
and 
me
bro
out
spe
out
var
low
not
of t
Fig
t
con
in t
con
10W
of 
bro
led
uni
WS
As 
freq
effi
for 
pos
com
dec
inte
FW
the
lau
nor
asurement, 
adest test 
put power 
ctral densit
put), which 
ied by reduc
 level of FW
ch, which va
he ASE widt
. 3: a (top) Mea
he ASE notch fo
function of the A
ditions. b (botto
he narrowband
and posit
For the na
stant powe
/THz gene
FWM within 
adening of t
to slight 
formity even
S, especiall
the addition
uencies (lef
ciency decre
the measure
itive tuning 
plex evolut
rease follo
nsity. We b
M efficiency
 residual s
nched into 
malized FW
the wide 
signal and 
result in a 
y of 1.2W/T
was maintai
ing the amp
M power w
ried monoto
h.  
sured FWM sp
r the LP01 mod
SE bandwidth 
m) the tuning o
 condition for ne
ive (right hand c
 
rrowband t
r spectral 
rated consid
the notch, g
he edges of
residual er
 after gain 
y for the va
al ASE block
t hand curve
ases slightly
ment config
(right hand c
ion is obse
wed by a 
elieve that 
 for the two
pectral tilt 
the fibre. 
M efficienci
bandwidth 
the limited 
relatively lo
Hz (at the 
ned as the A
lifier pump 
as generate
nically as a
ectrum observe
e (no phase pla
for the broadba
f the additional
gative (left han
urves) detunin
est configu
density o
erably high
iving rise to
 the notch. 
rors in the
flattening u
riable positio
 is tuned to 
s Fig 3b), t
, again as 
uration. How
urves Fig 3b
rved, with 
clear incr
the change 
 cases is ca
of the AS
Fig 4 sh
es recorded
of the 
amplifier 
w power 
amplifier 
SE was 
power. A 
d in the 
 function 
 
 
d mode in 
te) as a 
nd test 
ASE block 
d curves) 
g. 
ration, a 
f nearly 
er levels 
 a clear 
This also 
 power 
sing the 
n block. 
negative 
he FWM 
expected 
ever, for 
) a more 
an initial 
ease in 
in mean 
used by 
E signal 
ows the 
 for the 
LP01 mode. Good agreement between theory, 
which predicts logarithmic growth of FWM with 
bandwidth, and experiment is only possible 
under the assumption of mode coupling where 
additional FWM terms are introduced for when 
the ASE bandwidth exceeds the phase matching 
frequency offset for a given interaction. From the 
fitting parameters, we may extract phase 
matching offsets of 0.7, 0.85 and 1.2 ±0.1 THz 
and peak interaction strengths for the inter mode 
FWM of around 15% of the intra mode effects 
for the first three steps, suggesting that the 
effective areas for these interactions are up to 
2.5 times greater than the effective area of the 
LP01 mode itself. These values are consistent 
with the overlap integrals between modes for a 
four mode fibre. Note that here we ignore the 
final step at 3 GHz. The total FWM signal is 
approximately 2dB greater than expected from 
intra mode nonlinearity alone. 
 
Fig. 4: Measured and calculated FWM power for LP01 
detection (blue) showing experimental data (dots) and 
theoretical fits with mode coupling (solid line) and without 
(fitted to whole data set – long dashes, or just initial points – 
short dashes) for the broadband measurement system. 
Fig. 5: Measured and calculated FWM power for LP01 (blue 
filled) and LP11 (red open) detection showing experimental 
data (dots) and theoretical fits with mode coupling (solid 
lines) and without (dashed lines) for the narrowband 
measurement system. 
Similar agreement between theoretical 
predictions and experiment are observed for the 
narrowband measurement, as per Fig 5. Here 
gain flatness of only 3dB was achieved, and so 
it was necessary to correct the predicted FWM 
power density for the actual launch power. This 
was achieved by multiplying the appropriate 
launch power for each point by an effective 
length at that wavelength. The effective length 
was determined from the difference between the 
input and output spectra. Again, good 
agreement is reached using the same phase 
matching offsets as Fig 4. Note that for the LP01 
mode, peaks only occur for positively detuned 
ASE blocks, as expected. Note also that, whilst 
the frequency offsets are similar, the required 
inter mode effective areas to fit this data are 
slightly lower than observed in Fig 4. 
Conclusions 
In this paper we have presented two simple 
techniques to measure the impact of inter mode 
FWM in few mode fibre based transmission 
systems. The broadband technique essentially 
integrates the nonlinear contributions and gives 
a reliable qualitative estimate of the total FWM 
power generated at a given signal wavelength. 
On the other hand, the narrow band 
measurement isolates the effect of each 
interaction, and gives further information 
regarding the sign of the phase matching 
frequency offset. For this particular fibre, we 
note that the 2dB increase in FWM power from 
intra mode nonlinearity would be expected to 
reduce the total capacity of a fibre link by 
approximately 2b/s/Hz in the limit of a high 
signal to noise ratio13.  
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